Susceptibility to environmental stressors, same as cancer incidence is both age and gender related. Understanding the complexity of responses to living environment has been impaireddue to research based on reductionisms and lack of methods, models and sophisticated softwares which enable analysis of complex pathways which may be disturbed by xenobotics. Impact of estrogen on development, maturation and homeostasis of organism in both genders is now well recognised and environmental investigations are currently making major efforts to understand how xenoestrogens affect organisms at very low doses.
Introduction
Increase of cancer incidence and change in its age and gender [1] [2] [3] [4] [5] [6] distribution during the last few decades can be attributed to better diagnostics but also to exposure to new risk factors, including xenobiotics, introduced to our living environment. Additionally, most investigations and risk assessments did not, or could not, take into account gender and age of subjects at the time of exposure to early risk factors; this knowledge gap on a critical phase of the dynamic of carcinogenesis reduces the accuracy and reliability of current assessments.
Thorough investigations on carcinogenesis mechanisms have been carried out at the genome damage level; however, in the last decade research efforts are increasingly redirected towards non-genome levels, including nuclear receptors, glycanes etc; in particular, the interest in the impact of estrogen and xenoestrogens on carcinogenesis has dramatically increased. Recent evidences show that even physical agents such as ionizing radiation may interact with estrogen receptors; moreover, age-related susceptibility is additionally modified by gender showing different susceptibility before and after puberty, pointing out to the role of sex steroids [5, 7] .
Hormonally active substances are present among biocides, products of combustion, flame retardants, food additives, plasticizers, finishing materials in construction industry etc; therefore, the environmental exposure to hormone-mediated tumour-promoting stimuli can be widespread. For instance, the plasticizer Bisphenol A (BPA) has been forbidden in Europe in 2011 for use in baby bottles, but it is still largely used in food and beverage packaging and in thermal papers. Biomonitoring studies have shown a widespread presence of detectable BPA concentrations of BPA in the urine [8] or serum [9, 10] in USA and Europe. Moreover, current toxicological tests may not be fully sensitive to detect receptor-mediated effects on developing life stages that lead to increased tumorigenesis later on. The obvious consequences are that regulation of "endocrine disrupting chemicals" (EDC) in environmental settings and diet may not always be based on an adequate scientific basis.
Estrogens are the hormones with the strongest evidence of involvement in major human cancers (e.g, of the breast, lung, colon). Current data show that all cancer types are in some way related with the level of estrogen, estrogen receptors and aromatase or their polymorphisms [11] [12] [13] [14] . Generally estrogen receptor (ER) alpha promotes proliferation, while ER beta supresses it but this is not the rule for all tissues; moreover, the ER status varies between neoplastic tissues. Effect of xenoestrogens on carcinogenesis is not straightforward and depends on tissue distribution of ER alpha and ER beta receptors in target tissue [15] [16] [17] .
Substances with estrogenic actiivity may promote neoplastic changes in specific tissues, as in case of breast and lung cancer [18] [19] [20] [21] ; the case of another major cancer, colorectal cancer, is more difficult. Colon epithelium is rich of ERbeta receptors and an estrogenic action may significantly increase the cancer metastic potency [22] ; however, the impacts, whether protective or adverse, of estrogen and estrogen-acrtive substances on cancer promotion are still matter of discussion [23, 24] . Estrogens act as endocrine as well as paracrine and neuromodulator agents, and can affect direct gene transcription, indirect gene transcription and rapid membrane starting signals [25] [26] [27] [28] [29] [30] [31] [32] . In genomic pathways estrogens exert their function via ER and estrogen response element in the promoter region of estrogen responsive genes. Such pathway usually occurs within hours after activation. Receptor pathways result in cellular responses via cascade of responsive proteins such as protein kinase and transcription factors which regulate cellular processes like proliferation, apoptosis or differentiation. This pathway occurs within minutes after activation [11] . ERs are a complex system of nuclear and cytoplasmic receptors whose levels depend on the tissue type, gender, and stage of development and may change according to estrogen levels. Such diversity and presence in all tissues is a significant part of mammalian adaptability mechanisms but may also pave the way to the action by substances mimicking estrogens. Estrogen action modulates many tissues beyond the reproductive system; indeed, Aljurf et al. [33] pointed out the possible association between estrogen levels and infantile acute lymphoblastic leukemia.
In this paper we will review the findings on the association between cancer risk and the EDC that can (directly or indirectly) mimick estrogen action, the so-called "xenoestrogens".
The xenostrogens and cancer risk
Xenoestrogens do not act according to physiological timing; thus, compared to endogenous estrogens, xenoestrogens couple with different affinity and have different effect on ER alpha, beta and on G protein-coupled receptor (GPR30) that mediates the rapid response signalling [34, 35] . Due to complex networks -"cross-talks"-of nuclear receptors and different mechanisms of action, xenoestrogens may interact with a number of physiological processes. The complexity of mechanisms related with disruption of estrogenregulate pathways is shown by dioxins, which affects a plethora of organs and systems, from reproductive to immunological [36] . There is also the possibility of additive (or synergistic) actions as suggested by the combined treatment of embryonic stem cells with the plasticizer bisphenol A and the soy isoflavone genistein [37] . The combined exposure of prepubertal rats to Bisphenol A and genistein increases annexin A2 levels in mammary gland by 73%, whereas genistein alone decreases it by 67% [8] . It is known that both increased and decreased levels of annexin A2 increase cancer risk [38, 8, 39] . Environmental mixtures of EDC which affect different pathways are difficult to investigate with standard toxicology methods; however, the use of bioinformatics and systems biology may dramatically improve risk assessment of combine exposures [40] .
Additionally to xenoestrogens, increased levels of estrogen may be caused by an increased activity of aromatase due to for example consumption of alcohol or may be caused by natural estrogens present in dairy products or phytoestrogens present in food and drinks, the most well-known being the soy isoflavone genistein, and cosmetics (Aloe vera).
The most well-known example of cancer related to environmental xenoestrogens is breast cancer. Many xenoestrogens have been identified as potentially supporting abnormal development of breast epithelial cells, including plasticizers (e.g., bisphenol A), detergent byproducts (e.g., o-nonylphenol), pesticides (e.g.,permethrin and heptachlor), flame retardants (e.g., polybrominated diphenyl ethers), and a number of toxic trace elements (aluminium, arsenite, cadmium, cobalt, lead, nickel) [41-43] . There are little data to assess the actual role of exposure to these chemicals (alone and especially in combination) in the increased incidence of breast cancer in western societies; however, such a role is fully plausible.
The exposure during programming and growth, spurt windows of target organs maybe paramount for increased cancer risk. Higher susceptibility of children to xenobiotics, carcinogens and endocrine disruptors was traditionally related with higher cell division rate, higher exposure doses due to a larger volume of air, water and food which children ingest; recent studies show that prepubertal and pubertal children may express higher susceptibility also due to specific endogen hormonal levels during this final period of maturation of most organic systems [7] .
Animal models for the investigation of age and gender carcinogenesis are not always reliable due to very demanding interpretation of data and extrapolation to humans.
Notwithstanding many interesting experimental data, there are no robust models to test chemicals for increased carcinogenic risks upon developmental (pre-and post-natal) exposures. For instance, little data exist on background levels of hormones and hormonerelated receptors during different developmental windows, even for well-known animal breeds.
Individual susceptibility, irrespective of age or gender, is influenced by the frequent polymorphysims of metabolic enzymes and probably also by the less frequent polymorphisms of ERs. Thus, the interaction between the lack of both glutathione S-transpherase (GST) M1 and GSTT1 genes and alcohol consumption significantly increase breast cancer in premenopausal women [44] . Epidemiologic studies have suggested that the exposure to the bioaccumulating pollutants polychlorinated biphenyls (PCBs) increases breast cancer risk in women with m2 polymorphism in the cytochrome P-450 1A1 gene (CYP1A1); the risk was more elevated in postmenopausal women [45] . Dietary habits may also influence the susceptibility to EDCs, both by modulating exposure (e.g., certain fishing communities are highly exposed to bioaccumulating pollutants) and, most important by modulating the organism's susceptibility through the intake of nutrients and bioactive food components [46] .
It could be expected, that in future the carcinogenic risk related to some xenoestrogens will be assessed for population subsets with specific, genetic and/or non-genetic, susceptibility factors
The following chapters will give insight into xenoestrogen effects and mechanisms (as well as on relevant knowledge gaps) during the known critical periods for xenoestrogen activity as carcinogens, namely: transplacental exposure, early infancy, puberty and menopausal period.
Transplacental exposure to xenoestrogens and cancer risk
The estrogen balance is involved in the process of mammal development from the very beginning, during the implantation of blastocyst. [47, 48] which explains the recognized implications of xenoestrogens in female and couple infertility problems [49] .
Transplacental exposure to xenoestrogens occurs via diet, air and consumer products.
Individual lifestyles, including some "health-promoting" behaviour, may further increase the environmental exposures. For instance, the current fashion of food containing whole grains may increase the accumulation of the estrogen-active heavy metal Cadmium in pregnant women due to bioaccumulation of this metal in grains such as durum wheat [50] .
The potent non-steroidal synthetic estrogen diethylstilboestrol has been used as antiabortion drug in pregnancy during the '60s; the dramatic and unwanted consequence has been the significantly increased risk of reproductive cancers in the daughters, including the rare clear-cell vaginal adenocarcinoma that has represented a sort of "signal" effect. Indeed, diethylstilboestrol represent the paradigm of transplacental carcinogesis due to xenoestrogens.
An increased level of endogen estrogen and xenoestrogens is related with cancers of reproductive system in mammals such as diethystilbestrol, fat diet (which may be at least partly related to increased exposure to bioaccumulating lipophilic xenoestrogens), dairy products which contain cow's estrogen, and internal body burden polychlorinated biphenyls etc [51] . The transplacental exposure to environmentally relevant doses of Bisphenol A may cause persistent alterations in mammary gland morphogenesis in female mice, such as increased terminal end bud density at puberty as well as an increased number and lateral branching of terminal ends in adults, which are the sites at which cancer arises in humans and rodents [52] ; effects included enhanced sensitivity to estradiol, decreased apoptosis as well as increased number of progesterone receptor-positive epithelial cells at puberty. In sexually mature rats exposed in utero, bisphenol A may directly increase mammary tumours characterised by highly proliferative lesions with increased number of ER-alpha positive cells
Xenoestrogens may not just act on hormone levels. Compounds acting via genomic mechanisms may impact on the methylation levels of genes during transplacental development with potential lifelong effects. In newborn rats exposure to low doses of Bisphenol A (0.1 µg/kg) caused lifelong hypomethylation and increased expression of gene PDE4D4, which regulates a key cell-signalling molecule suggesting that early exposure to xenoesteogens may increase in males predisposition to prostate carcinogenesis [54] . In utero exposure to xenoestrogens has been implicated as contributing factor in the testicular dysgenesis syndrome, characterized by in utero abnormal and deficient masculinization of the male reproductive tract, leading to an increased risk of infertility and testicular germ cell tumours in young adults. Although cryptorchidism and family history of testicular cancer are important risk factors for this disease, transplacental and early life exposure to increased levels of endogenous estrogen or xenoestrogens or antiandrogenic factors [51] surely play a role. Indeed, rather than simply "low androgen", the shift of estradiol-testostorene balance seems pivotal for abnormal male programming [55] . The syndrome is a public health issue in many industrialized countries, and it leads to poor reproductive capability; the testicular tumours develop from histological alterations during the fetal testis programming, namely, gonocyte foci remaining a pre-invasive carcinoma in situ and, most important, with abnormal epigenetic changes at chromatin level [56] . In addition, one should not think to environmental exposures only. In vitro experiment on human fetal testis showed that analgesics inhibiting insulin-like factor 3; this change would increase the risk of cryptorchidism which is known to be a component of testicular dysgenesis syndrome as well as a risk factor for testicular cancer [57] .
The metabolic response of adult organism to xenobiotics can be disturbed by xenoestrogens as estrogen regulates development of primate fetal liver [58] ; therefore, xenoestrogens can indirectly alter the metabolism in adulthood of carcinogenic chemicals by interfering with normal development of liver. In human fetal liver specimens Bisphenol A treatment altered the maturation of specific phase I and II metabolizing genes via epigenetic mechanisms [59] . Fetal liver has high levels of metallothionein [60] ; in case of high mother's exposure, the newborn may have significant concentrations in liver of cadmium, a metal with xenoestrogen activity, which is also related with increased cancer risk [61] . Transplacental exposure to cadmium also causes shortening of telomeres which is a known risk factor for cancer development [62, 43] .
Xenoestrogen exposure and cancer risk in newborns and toddlers
During the first two years of life human metabolism and clearance are in a transient form, with a gradual maturation from the fetal to the adult metabolic capacity [63, 64] . Infants need to consume more water, food and breathe more air per body mass than adults, and in the meanwhile their detoxification capacity and kidney clearance are lower than in adults [65] .
Additionally, newborns have an undeveloped immune system, which may reduce the ability to cope with cancer cells, and their body composition is different than in adulthood.
Due to short latency period, cancers which occur during the two first years of life are likely a consequence of transplacental exposure, although direct infant exposure may also contribute. Bioaccumulated xenobiotics in fetal intestine after birth can be redistributed and their levels in tissues can be increased during the neonatal period [66] . In newborns the skin barrier is not fully developed and compounds from personal care products can be transdermally absorbed more than in adults. Many personal care products still contain as additives or ingredients xenobiotics that can act as xenoestrogens, like parabens (especially butyl-and propyl-) used as preservants [67, 68] thus an involvement of xenoestrogens in the pathogenesis might deserve some attention.
Whereas in utero exposures might be highly relevant risk factors for the development of childhood cancers, the neonatal and early infancy life stage should be also regarded as a susceptible window where the newborns and toddlers may experience specific high exposures, though baby foods, personal care products, toys, etc. Rodent studies show that early life exposure may have lifelong consequences; thus, altered programming may occur also after birth. Exposure of rats on 10-12 postnatal days to BPA and genistein caused epigenetic programming in the uterus which is related to tumorigenesis but via different pathways, namely both BPA and genistein act via nuclear receptor-mediated, i.e. "genomic", signalling while only genistein acts via rapid membrane-starting signalling. This difference may be explained by different affinity to both ERs and by different tuning of epigenetic signalling [77] . Neonatal exposure to low doses of DES in mice causes obesity in adulthood which is a risk factor for breast cancer [78] . Thus, xenoestrogens might increase cancer risk also through indirect effect on metabolism and growth during early life.
Susceptibility to xenoestrogens during prepuberty and puberty
Puberty is not characterised by any specific type of cancer and, indeed, cancer is relatively rare in this age group. However, successful final maturation of all organ systems in this period of life is of comparable significance as the fetal period as it is a vestibule which may lead to healthy life and reproduction or towards increased risks of diseases, sterility and premature aging.
According to the "estrogen window hypothesis", breast cancer risk is related to estrogen exposure during puberty [79] . Obesity and earlier age of puberty are major factors in the recently reported increase of breast cancer in younger women [6] and may both be related to prepubertal and peripubertal exposure to EDC [7, 80] .
Air pollution is described as a mixture of xenoestrogens. High exposure to traffic emissions at the time of menarche was associated with a possible increased risk of premenopausal breast cancer, although the increase was slightly below statistical significance (OR 2.05, 95% CI 0.92-4.54) [81] . A large (more than 1800 breast cancer patients who had resided in the same cities for at least 10 years prior to their diagnosis) Chinese study showed that patients living in high-pollution areas had a younger age at menarche, a greater family history of breast cancer and more invasive cancers, with higher tumor grades and estrogen receptor (ER)-positive status [82] . Thus, the available data support a role in breast cancer risk for traffic pollution exposure during puberty and adolescence; however, the data do not identify which (groups of) compounds are main drivers of the tumorigenic effect.
Transplacental exposure to xenoestrogens enhanced responses to estrogen in the mammary tissue of pubertal mice [83] ; it could be suggested that xenoestrogen exposure during puberty might also provide a further input to the carcinogenesis process in breast tissue where early programming was already altered. Most important, puberty itself represents a specific susceptible window. Pubertal exposure of mice to low-doses of BPA increased hyperplasia in adult mammary glands and caused an acute increase of mammary stem cells in adulthood. Deep sequencing analysis in mammary stem cell-enriched mammospheres identified a set of aberrantly expressed genes associated with early neoplastic lesions in patients with human breast cancer [84] . Greater susceptibility to genome damage in prepubertal as compared to adult BALB/CJ mice was also reported for the xenoestrogen diethylstilbestrol [85] .
Testicular germ cell tumor is a cancer observed during or immediately after puberty, which incidence dramatically increased during the last decades. As we already discussed, altere transplacental programming is the critical step. However, xenoestrogen exposure during puberty (with its dramatic endocrine changes) may also play a role in the multi-step process of testicular carcinogenesis; alkylphenols (detergent by-products able to act as ER-agonists) do trigger a rapid, ERα36-PI3kinase pathway, which, in its turn, can modulate the expression of the DNA-methyltransferase-3 (Dnmt3) gene family which is involved in DNA methylation control, a mechanism suggested to play a role in testicular cancer [86] . It is noteworthy that, when investigating dietary risk factors, testicular cancer was significantly related with transplacental (maternal) and prepubertal consumption of cheese [87] . Milk is a source of both endogenous ruminant estrogens and lipophilic xenostrogens, the latter becoming much more concentrated in cheese and other dairy products.
Higher urinary BPA concentrations in girls in age of 10-13 years are associated with hypomethylation of genes involved in immune function and caspase activity, which might suggest a reduced ability to cope with cancer cells [88] .
A Flemish biomonitoring studies in adolescents (14-15 years) showed that the correlations between biomarkers of exposure to xenoestrogens and biomarkers of hormone status may be somewhat less straightforward than previously thought. Serum levels of testosterone, estradiol and aromatase index were positively associated with serum levels of highly persistent, non-dioxin-like polychlorobiphenyls (congeners 138, 153, and 180) and of another highly persistent EDC, hexachlorobenzene; estradiol also showed a positive association with the DDT metabolite DDE. Conversely, the same parameters showed a negative association with urinary cadmium concentration [89] . It may be noteworthy that both the investigate PCB and hexachlorobenzene are mainly CYP modulators, that may affect liver metabolism of hormones. The study highlighted the need to interpret biomonitoring data through a thorough toxicological knowledge, especially in critical population groups such as adolescents and children.
Menopause (and andropause)
The menopausal and andropausal periods are characterised by significant increases in all cancer types in both genders' except for some types such as testicular cancer and some leukemias, which are more typical of younger ages. Cancer incidence have different male-tofemale incidence rate and this difference is diminishing with increasing age based on data of Exposure to xenoestrogens in menopausal period represents a condition which is contrary to the natural process of aging, as the organism is changing its physiology to adapt to low levels of estrogen and testosterone. Prolongation of exposure to xenoestrogen may have effect on ER levels and is not tuning with other process occurring in the organism such as DNA repair etc. Menopause is also characterised by change in diet and behaviour. Cultural models in industrialized societies push to keep younger; men and women usually start to use herbal drugs or cosmetics in order to improve skin complexion or reduce feeling of tiredness.
As already mentioned this can be a significant source of xenostrogens as well as of phytoestrogens extracted from soya, Aloe vera, flax, tofu etc. During andropause/menopause, after a lifelong making up of pollutants body burden, gender differences in the bioaccumulation of xenobiotics may become obvious [91] . Such differences are based on physiology as well as on behaviour and culture, even in industrialized countries with high level of gender equality, many families do willingly follow a rather traditional role division, where men are overall more exposed to traffic and workplace pollution and women are more exposed to household products (e.g, cleansing agents) and personal care products.
However, post-menopausal breast cancer represent a major estrogen-relate cancer. In postmenopausal period estrogen levels in breast tissue may be several times higher than in blood due to aromatization of androgens within organs. As estrogen metabolites are carcinogenic, this phenomenon may lead to cancer development [11] . The cancer risk may be modulated by metabolic polymorphisms. Increased risk of breast cancer in women exposed to polychlorinated biphenyls was highest in carriers of CYP1A1 m2 variant genotype, especially for those women who were in postmenopausal period [45] . Interestingly, the risk of breast cancer is lower in women who had children and did breast feed them; this protective effect of breast feeding in mothers may occur at the expense of the newborns, as milk is an effective way to excrete fat soluble xenoestrogens, thus reducing the maternal body burden. The highest pollutant excretion occurs at the lactation of the first baby [92] .
Living near factories generating polycyclic aromatic hyrocarbons and dioxins is a major risk factor in premenopausal breast cancer [93] : both pollutant groups are agonists of the aryl hydrocarbon receptor, which has complex cross-talk with ERs and other steroid receptors. Thus, residence and past occupational exposure leading to a pollutant body burden should be considered also in postmenopausal breast cancer.
Conclusion
Current evidences show significant molecular biological differences between age groups within the same cancer types which on one side demands specific therapy approach but also questioned our models of investigation of their aetiology [94] [95] [96] [97] ; different age susceptibility may be related to higher mitotic potency of cells in young age or lower repair capacity in older age, but they could have origin also in disturbance of complex interactions of hormonal, genetic and epigenetic cross roads specific for each stage of life, and with additional gender-specific aspects. The dramatic gender-specific endocrine changes of puberty or the long term impact of lifelong body burden in old age are telling examples.
Xenoestrogens have obviously much lower affinity than endogenous estrogens for ERs. This fact is so obvious that is surprising that is still used as an argument to discount concerns about EDC health effects, just ignoring numbers of evidences in humans and wildlife as well [98] . Indeed, the epigenetic effects of xenoestrogens may be the most urgent data gap.
Impact of xenoestrogens on methylation disturbances during development with lifelong effects is well described for several organs and organ systems [102, 103] but data on related cancer risks are still limited, although a link is obviously plausible. Robust methods to screen and assess the impact of chemicals on epigenetic modulation are also urgently needed [104] .
While beginning of 20th century was marked with struggle of women for social equality proving equality in all segments of life except reproduction, the beginning of 21st century marked scientific proof of the diversity between men and women with regards to responses towards environmental stimuli; this is bringing significant changes in medicine, as, e.g., a drug may be metabolized in quite different, sex-related ways, but also in the environmental and food sectors. In fact, regulations on pollutants should take into account new scientific evidences on age and gender differential susceptibilities [105, 106] .
Oncology during the last decade recognized the significance of estrogen and testosterone in treatment of cancer types which were not traditionally defined as hormonally related. In the same time, recent evidences point to the need for redefinition of endocrine disruptors as hormonally active carcinogens. Thus, an improved collaboration between environmental health experts and oncologists may in future bring to both fields significant added value.
